Introduction
The contamination of groundwater by chlorinated solvents, such as tetrachloroethene (PCE), trichloroethene (TCE), dichloroethene (DCE), and carbon tetrachloride continues to pose risk http://dx.doi.org/10.1016/j.cej.2015.03.056 1385-8947/Ó 2015 Elsevier B.V. All rights reserved.
Abbreviations: SO, siderite-catalyzed hydrogen peroxide oxidant; STO, sideritecatalyzed two oxidants (hydrogen peroxide and persulfate).
for both human health and the environment. Numerous studies have been conducted to develop methods for effective remediation of soil, sediment, and groundwater contaminated by these compounds. In-situ chemical oxidation (ISCO), using reagents such as permanganate, hydrogen peroxide (H 2 ) [8] [9] [10] [11] [12] [13] . Both HO Å and SO 4 ÀÅ have high oxidative capabilities (E 0 = 2.7 V for HO Å and E 0 = 2.6 V for SO 4 ÀÅ ) to degrade chlorinated solvents, and SO 4 ÀÅ can convert into HO Å [14, 15] . However, the function and conversion mechanisms among radicals remain unclear.
In this study, siderite is selected as the catalyst because it is often reported to be highly supersaturated in natural groundwater [16, 17] , and many prior studies have shown that ferrous ion is an effective catalyst for Fenton and Fenton-like reactions [18] [19] [20] [21] [22] [23] . Furthermore, it is used as a representative of the several iron-containing components typically present in sedimentary geomedia.
The radical reaction mechanism in the siderite-catalyzed H 2 O 2 -S 2 O 8 2À system (designated as STO system) is poorly understood. For example, the specific radicals produced, how these radicals are generated, and how they react with TCE remain unclear. As is well known, the radical type and its catalytic performance directly affect contaminant removal efficiency. However, distinguishing various radicals and evaluating their reaction mechanisms is challenging, especially for binary oxidant systems. Another unknown for the STO system is the potential production of reaction intermediaries. The incomplete degradation of TCE may cause secondary pollution, and the detection of byproducts is a key way to confirm the degree of degradation and analyze the chlorine ion balance, which can help to understand the reaction mechanism. Well-characterized probe molecules are often used to investigate the generation of HO Å [24] [25] [26] . Benzoic acid (BA) is one of the most commonly used radical probes to measure HO Å formation, and both BA and the reaction product hydroxybenzene acid can be measured by high performance liquid chromatography (HPLC). Electron paramagnetic resonance (EPR) spin-trapping has also been used, due to its excellent sensitivity and selectivity in the detection of free radicals [27] [28] [29] [30] . The EPR technique is able to detect and identify radicals by measurement of spinadducts formed by the radicals and spin traps in a magnetic field [28, [31] [32] [33] . 5,5-Dimethyl-1-pyrroline N-oxide (DMPO) is often used as a spin trap to identify oxygen-centered radicals [12, 13, [34] [35] [36] [37] [38] .
The primary objectives of this study are to delineate the radicals generated from the STO system, to identify potential degradation byproducts, and to investigate reaction mechanisms, compared with the siderite-catalyzed H 2 O 2 system (designated as SO system). TCE is used as a model chlorinated solvent, as it is one of the most commonly detected dense non-aqueous phase liquid (DNAPL) contaminants in groundwater [39] [40] [41] . Experiments were conducted using batch reactors. HPLC combined with EPR spintrapping methods were used to identify the radicals and their reaction mechanism for the degradation of TCE. In addition, ion chromatography (IC) was used to identify byproducts. The results were used to help illuminate the degradation pathway of TCE in this siderite catalytic system.
Materials and methods

Chemicals
All chemicals used in this study were prepared using ultrapure (filtered, distilled) water (Millipore Model Milli-Q Academic A10 
HO Å radical production
Experiments were conducted with 20 mL borosilicate vials fitted with PTFE septum caps. Two sets of controls were employed. The first one contained only 0.1145 g of siderite, 5 mL of 0.018 mol/L BA, and 5 mL of ultrapure water. This group was used to determine background HO Å production. The second one contained 2 mL of 0.045 mol/L BA, 3 mL of 0.021 mol/L Na 2 S 2 O 8 , and 5 mL of 0.30 mol/L H 2 O 2 . This control group was used to determine if the oxidants alone, with no activation, could produce HO After preparation, the vials were maintained at 20 ± 1°C in an air bath for the experiments. At each time-point, isopropanol solution was added to the sacrificed reactors to quench further oxidation. The target analytes, BA and p-hydroxybenzoic acid, were analyzed by HPLC. 
Radical identification
Experiments were conducted with 100 mL borosilicate vials at 20 ± 1°C, and were done in triplicate. Four control groups were used for the experiments. The first one contained only 0.5725 g of siderite and 50 mL of ultrapure water. The second one contained 25 mL of ultrapure water and 25 mL of 0.30 mol/L H 2 O 2 . The third one contained 35 mL of ultrapure water and 15 mL of 0.021 mol/L Na 2 S 2 O 8 . The fourth one contained 10 mL of ultrapure water, 15 mL of 0.021 mol/L Na 2 S 2 O 8 , and 25 mL of 0.30 mol/L H 2 O 2 . There were three experiment treatment groups. The constituents added in the three groups were the same as those used for the second, third, and fourth control groups, respectively, with the exception that 0.5725 g of siderite was added as a catalyst.
At each time-point, a 1 mL aliquot was collected and mixed with 100 lL of 500 mmol/L DMPO. The DMPO-adducts were analyzed using EPR spin trapping.
Detection of byproducts
Experiment (triplicate) conditions were the same as for Section 2.2. The control group contained 0.1145 g of siderite, 10 mL of ultrapure water, and 10 lL of TCE, which was injected into the bottom of the vial. There were two experiment treatment groups. One group contained 0.1145 g of siderite, 5 mL of ultrapure water, and 10 lL of TCE, to which 5 mL of 0.30 mol/L H 2 O 2 was added. Another group contained 2 mL of ultrapure water and 3 mL of 0.021 mol/L Na 2 S 2 O 8 . Then, 10 lL of TCE and 5 mL of 0.30 mol/L H 2 O 2 were added in sequence. At each time point, the reaction was quenched for the selected vials, the residual TCE was analyzed, and IC was used to investigate byproducts produced during the reaction.
Analytical methods
Siderite was analyzed before and after reaction in the STO system by X-ray diffraction (XRD) (Fig. S1) . The results show that iron ions dissolved from the catalyst surface during the reaction. The dissolved iron data are shown in Fig. S2 .
BA and p-hydroxybenzoic acid were analyzed by HPLC using a Shimadzu LC-20A with a 4.6 Â 250 mm Inertsil Ò ODS-SP column (particle size was 5 lm). HO Å was quantified referring to the method described by Lindsey and Tarr [42] . Samples were loaded onto a 2 lL loop. The elution gradient was water at pH 2.5 (A) and acetonitrile (B): 0-3 min 15% B, 3-13 min linear to 100% B. The mobile phase flow rate was 1 mL/min. BA and p-hydroxybenzoic was detected at 254 nm.
DMPO-adducts were analyzed using EPR (Bruker A300). The instrument settings were as follows: field sweep, 500 G; Microsoft power, 20 mW; modulation amplitude, 2.0 G; receiver gain, 6.3 Â 10
5
; time constant, 82 ms. TCE was analyzed using gas chromatography (Agilent GC6820) with a headspace autosampler, a FID detector, and a 30 m Â 0.53 mm DB-5 capillary column (film thickness was 1.5 lm), using the external standard method for quantification.
The temperature of injector and detector was 187 and 250°C respectively. The initial oven temperature was 40°C and heated at a rate of 10°C/min to a final temperature of 140°C.
The byproducts, chloride ion and sulfate ion, were analyzed using ion chromatography (Dionex ICS-2100) with a 4 Â 250 mm AS19 column. Samples were loaded onto a 250 lL loop. The eluent Concentrations of hydrogen peroxide and sodium persulfate were monitored by using iodometric titration with 0.1 mol L À1 sodium thiosulfate [43] . For the STO system, the concentrations of oxidants determined were the sum of the two oxidants. The pH was measured for all samples, including the initial solutions. No buffer reagent was used for the experiments.
Results and discussion
Determination of hydroxyl radical and impact on TCE degradation
A critical aspect of these experiments that does not appear to have been discussed in prior research is the suitable BA concentration to employ when using it as a radical probe to measure HO Å formation. Specifically, the radical trapping is incomplete if the BA concentration is too low. However, the preparation of high concentration BA solutions is not straightforward considering that it is a low-solubility organic compound. Hence, we explored the lowest suitable BA concentration that could provide robust results.
Hydroxyl radicals were determined from the measured p-hydroxybenzoic concentration [42] . The generation of radicals increased when the amount of BA increased from 1 mmol/L to 9 mmol/L, and then plateaued (Fig. S3) . Thus, 9 mmol/L BA was selected as the initial probe concentration for subsequent experiments. Fig. 1 The results show minimal TCE loss for the control (Fig. 2) . TCE degradation efficiency in the different systems is in the following order from low to high: the non-catalyzed H 2 O 2 -S 2 O 8 system (<10% TCE loss), the SO system ($50%), the STO treatment (essentially complete degradation). The pH changed from 8.44 to 5.99 in SO system in compared with 3.01 to 2.66 in STO system. These results clearly show the effectiveness of the binary oxidant system upon catalysis with siderite. The observation that TCE degradation continues as long as the system had HO Å generation indicates that HO Å contributes significantly to TCE transformation. The STO system generated slightly more total radical than the SO system in the first several hours of the experiment. However, less TCE was degraded for the STO system during that period. In the SO system, the degradation of TCE primarily occurred in the first hour. Conversely, in the STO system, TCE was gradually degraded during the entire reaction period. The results indicate that in the SO system, H 2 O 2 decomposed quickly and released large amounts of HO Å in a short time. Conversely, the release of HO Å was a relatively slow and continuous process in the STO system. Fig. 1 also illustrates that there was radical accumulation after 1 h of reaction in the SO system. However, the degradation rate of TCE was very slow after 1 h. If there had been HO Å produced, there should have been concomitant TCE degradation. The explanation for this phenomenon was that HO Å was not the primary radical produced in this period. BA can also react with HO 2 Å /O 2 ÀÅ / HO 2 À as shown as Eq. (1)- (4), and summarized as Eq.
(5). It is reported that HO 2
Å is a weak oxidant with low activity, and O 2 ÀÅ is a weak reductant [8] , so their production and accumulation likely contributed minimally to TCE degradation [44] . 
In addition, the reaction rate constant for BA with HO Å is 4.3 Â 10 9 M À1 S À1 [45] , and the quenching rate between two HO Å is 5.2 Â 10 9 M À1 S À1 [46] . These two reaction rates are much higher than the first-order reaction rate constant of TCE degradation (6.0 Â 10 2 M À1 S À1 ) [4] . Therefore, while the system apparently produced radicals, TCE removal was very slow due to the nonoptimal radical composition.
Identification of different radicals
The STO system produces a variety of free radicals. EPR spintrapping was used to distinguish different radicals, using DMPO as the spin trap. DMPO-radical adducts can be identified by their hyperfine coupling constant (Table 1) [29, [47] [48] [49] .
The EPR spectra obtained from the DMPO experiments after 5 min reaction at 20 ± 1°C are presented in Fig. 3 . These four-line signals showed DMPO-radical adducts in the different test systems. The results presented in Fig. 3b-d Fig. 3b and d were amplified. The signal of DMPO-OOH was much weaker than that of DMPO-OH. This phenomenon is most likely due to the following two reasons. First, the generation of superoxide radical may be very small; second, the short half-life of DMPO-OOH. The decay of DMPO-OOH is shown as Eq. (6), where k decay is 2.8 ± 0.5 Â 10 3 M À1 S À1 [50] .
In addition, the results of previous research showed that DMPO-OOH can easily convert into DMPO-OH [51] . Therefore, the detected DMPO-OH signal may be, at least in part, the result of conversion from DMPO-OOH. The DMPO-OSO 3 signal was not detected in this reaction period. This is attributed to the fact that only a low concentration of DMPO-OSO 3 was produced in the beginning of the reaction, and that DMPO-OSO 3 is short-lived, and can decay into DMPO-OH [52, 53] .
The peak intensity of the STO system was much stronger than that of the other two systems (Fig. 3) . However, the HPLC results revealed that there was little difference in the amount of HO Å produced between the STO and SO systems (Fig. 1) . This suggests that part of the DMPO-OH signal was produced by transformation from other radicals. The production of O 2 ÀÅ was insignificant and can be ignored [8] , and the short-lived DMPO-OSO 3 readily decays to form DMPO-OH signal. In total, these results suggest that the large disparity in peak intensities is due to the large quantity of SO 4 ÀÅ generated in the STO system. This is supported by the observation of significant production of sulfate (Fig. 4) . The identification of different radicals is conducive to the further understanding of the free radical reaction mechanism. Fig. 5a illustrates the changes in the DMPO-OH signal intensity during the reaction in the SO and the STO systems. Within the first two hours of the reaction, the SO system decomposed more H 2 O 2 than did the STO system (Fig. 5b) . When the reaction in the SO system proceeded from the second to the fourth hour, the captured radicals had a slight decrease, but only a small amount of H 2 O 2 decomposed in this time period. This shows that in the first two hours of the reaction, most of the generated hydroxyl radicals were quenched by the reactions denoted in Eqs. (7) and (8) without being captured.
The mechanism of radical generation
Therefore, the SO system will incur a waste of oxidants and thus reduced efficiency for TCE degradation. This is also a deficiency of the traditional Fenton-like reaction. Moderating the decomposition rate of the oxidant is one potential means to improve overall effectiveness.
The STO system can not only produce large amounts of hydroxyl radicals, but it also reduces the decomposition rate of the oxidants (Fig. 5) . As seen from Fig. 5a , there were approximately twice as many radicals generated when adding S 2 O 8 2À into the SO system.
What's more, in the SO system, a fraction of H 2 O 2 hydrolyzed or reacted with iron ions, leading to reduced formation of HO Å , as shown by Eqs. (9) and (10).
Hence, the addition of S 2 O 8 2À is helpful to reduce the waste of H 2 O 2 caused by the reactions presented in Eqs. (7)- (10), as discussed in [4] .
In the first few hours of the reaction, less TCE was degraded in the STO system compared to the SO system, whereas the STO system generated slightly more total radical than the SO system as noted above. These results suggest that SO 4 ÀÅ (E 0 = 2.6 V) rather than HO Å (E 0 = 2.7 V) was the predominant radical in this period for the STO system, given the lower oxidation capacity of SO 4
ÀÅ
. This is consistent with the analysis of the EPR spin-trapping data above and the observed production of sulfate (Fig. 5) , both of which support the conclusion that significant quantity of SO 4 2À was produced in the first few hours of the reaction for the STO system. 
Investigation of byproducts
In the STO system, Cl À was released with the degradation of TCE (Fig. 7a) . The production of Cl À followed first-order kinetics (Fig. 7b) . Cl À was no longer produced when TCE was completely depleted. However, Cl À concentration is imbalanced during the reaction, wherein the measured concentration was 35% less than the theoretical concentration of Cl À production (3 times TCE concentration).
Indeed, the byproducts in the STO system are poorly understood. There was no chlorinated byproducts detected by gas chromatography-mass spectrometer (GC-MS) method [5] . The IC method was used herein to analyze for byproducts. Dichloroacetic acid and formic acid were detected as the byproducts in both the SO and the STO systems (Fig. 8) . There was no other chlorinated byproduct (eg. chloroacetic acid and trichloroacetic acid) detected in either of these two systems.
The STO system produced more dichloroacetic acid compared with that of the SO system (Fig. 9) , although the latter system had a relatively lower chlorine balance ratio. In addition, the amount of dichloroacetic acid did not increase once TCE was no longer degraded in the SO system or when TCE was completely degraded in the STO system, which suggests that dichloroacetic acid was directly converted from TCE's electrophilic addition reaction, as shown in Eq. (11).
Dichloroacetic acid accumulated and could not be removed during the reaction. Complete Cl À balance still could not be attained when accounting for the Cl À in dichloroacetic acid coupled with the detected Cl À concentration at the end of the reaction (Table 2) . Therefore, other chlorine-containing substances may be formed, and/or there may have been loss of other chlorinated volatile products, which needs further investigation.
Conclusions
The radicals formed and the operative mechanisms were investigated for the catalytic STO system, using HPLC and EPR spin-trapping methods. Four radicals HO Å , SO 4 ÀÅ HO 2 Å and O 2 ÀÅ were identified in the STO system. Both HO Å and SO 4 ÀÅ were effective radicals to oxidize TCE. The release of HO Å was a relatively slow and sustainable process in the STO system, compared with that of the SO system. Under current experiment conditions, TCE was removed completely, for HO Å was generated in the entire reaction period. However, in the SO system, a large amount of H 2 O 2 was decomposed in the first 1 h, resulting in an inefficient use of HO Å , and TCE could not be removed effectively in this system. SO 4 ÀÅ was mainly produced in the first 2 h, and was the dominant effective radical in this period. Under catalytic conditions, S 2 O 8 2À slowed the decomposition of H 2 O 2 , and the heat released by the decomposition of H 2 O 2 also accelerated the decomposition of S 2 O 8 2À , which overcomes the disadvantage of using one oxidant alone. Dichloroacetic acid, a chlorinated byproduct, was detected in the STO system, and it could not be degraded during the reaction. To our knowledge, this is the first report of a chlorinated byproduct in the STO system, which is an important element for analysis of chlorine balance and the understanding of the degradation mechanism. These results provide significant insights for efficient TCE removal from groundwater. More detailed work (such as detection of other byproducts) is in progress.
